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Abstract – Using ﬁeld experiments, we investigated the eﬀects of ﬁsh carcasses (so called ‘food falls’)
on benthic fauna. We simulated food falls using freshly killed ﬁsh during two diﬀerent seasons (spring and
summer) in the littoral zone of a large, pre-alpine meso-oligotrophic lake in central Europe (Lake Constance,
Germany). This study provides evidence that input in the form of ﬁsh carcasses may play an important role in
nutrient dynamics within this ecosystem. The benthic communities in the vicitinity and underneath the
food fall were strongly inﬂuenced by the food fall. The results show that this supply of organic matter has a
signiﬁcant inﬂuence on the relationships within the communities, which are clearly dominated by bacteria,
followed by copepod nauplii, cyclopoid copepods, chironomids, and ostracods. Total decomposition was
obtained between days 80 and 68 of the experiments. The food fall had a positively but not signiﬁcant eﬀect
on meiofaunal assemblages in these experiments. Furthermore, the results showed a negative relationship
between bacteria and meiofauna abundance, indicating grazing by the meiobenthos on the bacterial
community. These ﬁndings support other studies that found that the meiofauna exerted a grazing pressure
on the microbial community, where this process was important in the decomposition of carcasses. Moreover,
this study shows the potential importance of ﬁsh carcasses in Lake Constance, where food falls may generate
high abundances and diversity of the benthic fauna and support high bacterial activities in this littoral
ecosystem.
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Introduction
In marine deep-sea biology, nekton carcasses from ﬁsh
and birds to cetaceans are well known as an important
carbon-input for the deep-sea community, which in
some cases solely rely on this carbon source (Isaacs and
Schwartzlose, 1975). Other studies show that ﬁsh carcasses
in deep sea environments may be located and consumed
within hours by highly mobile scavenging assemblages
(e.g., Smith et al., 1989; Thurston et al., 1995). These food
falls act as a local and highly concentrated organic input in
deep-sea areas (Stockton and DeLaca, 1982). In general,
food falls lead to nutrient and energy transfers across
ecosystem boundaries (Payne and Moore, 2006) and even
to an increase in secondary productivity (Baxter et al.,
2004; Catchpole et al., 2006). Therefore, understanding the
degradation of carcasses will provide insights into the
trophic transfer of energy and nutrients and into carbon
cycling in lakes (King et al., 2007).
Carrion decomposition as a pathway for nutrient
cycling is also important in freshwater ecosystems. For
instance, salmon (Gende et al., 2002; Schindler et al., 2003)
and migratory cyprinids often spawn in rhithral (up-
stream) river systems at the end of the life cycle of the
adults. These carcasses are then decomposed in these
generally nutrition-poor spawning areas and provide a
signiﬁcant carbon and nitrogen source for the later
oﬀspring (Brickell and Goering, 1970; Krokhin, 1975;
Bilby et al., 1996; Cederholm et al., 1999; Helﬁeld and
Naiman, 2001).
It can be assumed that ﬁsh carcasses also provide a
valuable source of nutrition in lake communities because
ﬁsh contain large amounts of energy in the form of*Corresponding author: katrin.premke@ebc.uu.se
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easily digestible lipids and proteins, which facilitate
a more eﬃcient recycling of energy within the ecosystem.
However, few studies have addressed this topic in lakes
and marshes (Donaldson, 1967; Parmenter and Lamarra,
1991; Rask et al., 1996; Stevenson and Childers, 2004).
This study aims to extend knowledge about the eﬀects
of ﬁsh carcasses on benthic biodiversity and abundance in
the littoral zone.
The availability of organic matter is of vital importance
to the nutrition of diﬀerent trophic levels, especially in
oligotrophic freshwater systems such as the large pre-
alpine lakes in central Europe. Giere (1993, and references
therein) showed that meiofaunal abundance and species
composition in lake systems are strongly coupled to the
presence of organic matter (Silver et al., 2002; Michiels
and Traunspurger, 2005). Sander and Kalﬀ (1993) and
Hewson et al. (2003) showed that bacterial biomass and
diversity in benthic food webs are often directly enhanced
by the additional nutrient input.
The meiofauna and invertebrate community are con-
sidered prominent agents in the breakdown of or-
ganic material in aquatic ecosystems and hence play a
crucial role in carrion decomposition (Rosi-Marshall and
Wallace, 2002; Chaloner et al., 2002; Fenoglio et al., 2005).
These communities are therefore assumed to signiﬁcantly
increase nutrient cycling and energy ﬂow within the food
web and may act as a key trophic link between bacteria
and larger fauna (Findlay and Tenore, 1982; De Morais
and Bodiu, 1984).
Because there is currently only little knowledge of the
basic processes of ﬁsh carrion decomposition in freshwater
lake systems, we ﬁrst investigated the eﬀects of large inputs
of organic matter (ﬁsh carcasses) on species richness and
community structure in benthic bacteria, meiobenthos,
and macrobenthos to reach a better understanding of its
eﬀect on carbon and nutrient cycling.
Secondly, we were interested in an estimate of the
duration of ﬁsh carcass decomposition and recycling and
the associated processes. This objective is speciﬁcally
related to a long-standing phenomenon in Lake
Constance and other European pre-alpine lakes, where
mass kills, e.g. of perch (Perca ﬂuviatilis L.), occur from
time to time in spring shortly after spawning in March–
April (Fischer pers. obs.). During this time, adult perch
migrate from their profundal over-wintering habitats at
50- to 90-m water depths to shallow areas to spawn.
Shortly after spawning, a large number of ﬁsh die. The
causes of these mass kills are not yet fully comprehended,
though it is thought that the depletion of body reserves
might be play a role. Depending on the severity of the die-
oﬀ, dead or dying perch can be found in high numbers (up
to 2–3 perch every 10 m along the coastline) in about 5- to
10-m water depth.
Unfortunately, there is no detailed knowledge about
the fate of this ﬁsh biomass or the subsequent degradation
process by freshwater scavengers. Therefore, we studied
the relative importance of bacterial and invertebrate




The study site was located in the temperate, oligo-
trophic Lake Constance, which is the second largest pre-
alpine lake in northern Europe (Fig. 1). The experimental
site was located along the southern shoreline of the
U¨berlinger See, a fjord-like north-west extension of the
Upper Lake at 47x41'30'N and 9x12'10'E. The littoral
zone is characterised by a 50-m wide, shelf-like littoral
zone with an adjacent slope area dropping down into
the profundal zone. The substratum of the site is charac-
terised by large stones and boulders in the very shallow
area (<1 m depth) followed by a sandy sediment plane
with sparse macrophyte coverage down to a water depth
of about 5 m. The site is exposed to winds from the
northeast that, however, only blow a few days a year.
During the remainder of the year, a landward ridge
covering a major part of the shoreline protects the site.
Experimental setup and sampling
We simulated food falls (FF) by exposing a total of
twelve similarly sized and freshly killed perch (Perca
ﬂuviatilis L.; age class 1, standard length 13–14 cm)
between March and July in a water depth of 7 m close
to the transition zone between the littoral zone and
the adjacent slope area (47x41'30''N; 9x12'10''E). A grid
(80r50 cm) was ﬁxed by tent pegs on the lake
bottom on which the carcasses were randomly ﬁxed by
cable clips.
Fish carcasses were sampled using continuous photo-
graphic assessment over time (see below) and by repetitive
SCUBA sampling of the meiofauna, the macrofauna, and
the bacterial community in three locations: a) on the ﬁsh
itself (subsequently called epiphyton [EPI]); b) in the
sediment below the ﬁsh [FIS-SED]; and c) at a control site
at the same water depth and at a horizontal distance of 5 m
from the ﬁsh carcasses [CON-SED].
The decomposition process of the ﬁsh was continu-
ously photographically documented by an underwater-
observatory system called RemOs1 (Fischer et al., 2007).
The system photographed still shots every 30 min over the
entire decomposition process (up to 70 days) of the ﬁsh.
This set-up allowed for a detailed assessment of the
condition of the ﬁsh and the larger benthic macrofauna
associated with the carcass.
Scientiﬁc divers from the University of Constance
sampled the associated meiobenthos, macrobenthos and
bacterial community on a weekly (spring) and biweekly
(summer) basis.
At each sampling occasion, one of the twelve ﬁsh was
randomly selected, removed from the grid and carefully
transferred into a Cautex-bottle to avoid loss of the ﬁsh-
associated community. Subsequently, sediment samples
below the location where the ﬁsh was located were taken
in triplicate. For this, three 20-mL cut syringes (inner
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diameter, 21.5 mm) were carefully drawn into the sedi-
ment, closed at the front with rubbers and placed upright
in a plastic carrying basket to transport them to the sur-
face. At last, identical sediment samples were taken in
triplicate at a reference site at the same water depth but
at a horizontal distance 5 m away from the ﬁsh carcasses.
Sample preparation and analyses
The EPI samples were collected in the laboratory
by carefully scraping oﬀ all epiphyton material from the
carcass surface utilising sterile ﬁltered lake water (0.2 mm
to avoid contamination by external bacteria). This
suspension was adjusted to 20 mL and ﬁxed with for-
maldehyde (4%, ﬁnal concentration). One-ﬁfth of this
suspension was used for bacterial abundances and four-
ﬁfths for meio- and macrofauna abundances. These
measurements were converted to the number per area by
assuming that 20-mL suspension includes 315 mm2 of ﬁsh
surface.
To determine the biomass loss of the carcasses in terms
of dry mass (dm) and ash-free dry mass (AFDM), the
remaining portion of the ﬁsh was ﬁrst dried at 70 xC
for 48 h and then weighed, and this was followed by
combustion at 550 xC for 5 h and subsequent weighing.
Benthic fauna of the sediment samples FIS-SED and
CON-SED was extracted from sediment by the Ludox
centrifugation technique (Burgess, 2001). For meio- and
macrofaunal determination, samples were sieved through
a 30-mm mesh net. The samples trapped on the net
were ﬁxed with 4% formaldehyde (ﬁnal concentration)
and stained with Bengal Rose. Organisms were counted
under a stereo microscope (Zeiss, 40r magniﬁcation)
and classiﬁed into taxonomic groups (oligochaetes, tardi-
grades, nematodes, rotifers, ostracods, gastrotriches,
copepods including cyclopoida and harpacticoida, nauplii,
chironomids, cladocerans, ephemeroptera, hydra, gastro-
pods, and bivalves).
Functional groups were classiﬁed into deposit feeder
(oligochaeta (Lumbriculida), gastrotriches (Chaetono-
tida), nematoda (Nematoda), ostracoda (Ostracoda),
chironomidae (Diptera)), suspension feeder (cladocerans
(Cladocera), rotifers (Rotifera), nauplii, bivalves), raptor-
ial feeder (hydra, copepods) and grazer (gastropods).
Bacterial abundance was determined using epiﬂuores-
cence microscopy (after Kemp et al., 1993). Sediment
was diluted up to 10x3 with ﬁltered tap water (0.2 mm,
Nucleopore). Each dilution was vortexed and sonicated
(10 s, Laboson 200 ultrasonic bath, Bender and Hobein).
The ﬁnal dilution was ﬁltered onto black membrane ﬁlters
(0.2 mm, Ø 25 mm). Filters were stained with DAPI
(4',6-diamidino-2-phenylindol, 10 mg.mLx1, 5 min). The
stained cells were counted under an epiﬂuorescence micro-
scope (Labophot 2, Nikon) at an excitation wavelength of
549 nm.
Fig. 1. Map of Lake Constance and sampling point.
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Decomposition rate
In addition to the eﬀect of food falls on the associated
meio- and macrofauna, we also followed the decomposi-
tion process of the ﬁsh carcasses and the associated
macroscavengers over time. For this, we used the portable
underwater observatory RemOs1 (Fischer et al., 2007),
which took photographs of the carcasses every 30 min over
the entire experimental time. For details of the system, see
Fischer et al. (2007). To gain an estimate of the biomass-
removal rate of the ﬁsh over time, one ﬁsh out of the
twelve was removed every week, and its biomass loss was
calculated in percent wet-weight, dry-mass and ash-free
dry-mass loss. Because dry-mass and ash-free dry-mass of
the carcasses could not be determined directly at the
beginning of the experiment, these data were calculated
based on the original wet-weight of the carcasses. Dry-
mass was calculated based on a dry- to wet-weight relation-
ship of 0.26 for perch that was calculated using previous
catch data for perch in Lake Constance (Reyjol et al.,
2005). Similarly, ash-free dry-mass at the time of carcasses
exposure was back-calculated from the dry mass of the
ﬁsh using an average dry weight to ash-free dry weight
relationship of 0.75 (Johnson and Brinkhurst, 1971).
Statistical analysis
Diﬀerences in the micro-, meio- and macrofauna on,
below and close to the ﬁsh carcasses were tested using
a repeated measurements design (MANOV-RMA, JMP,
2007). For the analysis, the sequential sampling days were
used as a “within-subject” factor (repeated or time eﬀect),
whereas water temperature and the diﬀerent sampling
locations, [EPI], [FISH-SED] and [CON-SED], were used
as “between-subject” factors (across eﬀect).
Fish mass decomposition decreased according to
a single-slope exponential decay (nonlinear regression
model, 95% conﬁdence interval, SPSS) and was calculated
as follows:
Mt ¼M0rekt;
whereMt is the remaining mass (g) at time t,M0 the initial
mass (g), and k the constant rate of decay (dx1) (Elliot,
1997; Chaloner et al., 2002).
Results
In both experiments, carcasses remained widely un-
aﬀected by larger scavengers like ﬁsh or crayﬁsh. Addition-
ally, smaller macrofauna, like isopods or amphipods, were
not observed feeding on the carcasses.
Temporal succession of carcass decomposition
The ﬁrst six ﬁsh were deployed from March to May
2006, and the experiment (I) lasted for 51 days. The water
temperature during this time increased from 4 to 13 xC
(Figs. 3c and 3f). Decomposition rates of the carcasses
were high in the ﬁrst 15 days, where 50% of the original
ﬁsh dry-weight biomass decomposed (Fig. 2). Then,
however, the decomposition process slowed down, and
25% decomposition was observed about 25 days later.
Finally, 100% of the carcasses were decomposed after
approximately 80 days. This value, however, had to be
extrapolated because the experiment was terminated after
51 days. The other six ﬁsh (experiment II) were deployed
immediately after the ﬁrst experiment from May to July
2006, and this experiment was conducted for 70 days.
During this time, the water temperature further increased
to a maximum of 25 xC in July (Fig. 3f). Even though the
temperatures were somewhat higher, the decomposition
rate over the ﬁrst ﬁve weeks of experiment II was
somewhat but not signiﬁcantly slower (pairwise t-test by
weeks of experiment: n=5, df=4, t=0.72) with 50%
decomposition reached after 35 days (Fig. 2). The slightly
faster decomposition rate in exp. 1 during the ﬁrst phase
(<5 weeks), however, was compensated in the second
phase (>5 weeks), such that total decomposition of the
ﬁsh in exp. II was observed after 70 days compared to the
calculated 80 days in exp. 1.
Because total decomposition rates of the two experi-
ments were not signiﬁcantly diﬀerent, the data for the two
experiments were pooled and used in subsequent time
series analyses on the macrobenthos, meiobenthos and
bacterial community associated with the ﬁsh carcasses.
The scavenging community
In general, the sediment and the epifaunal samples
comprised smaller macrozoobenthos, including bivalves,
gastropods, and chironomids and a few ephemeroptera
larvae, hydrozoa and hydracarina. In the associated meio-
benthos community, we found cladocerans, copepods,
ostracods, oligochaetes, nematodes, tardigrades, gastro-
triches and rotifers. During the course of the experiments,
an increasing amount of fungoid-like periphyton was
observed on the carcasses, and the ﬁsh became more
and more covered with sediment. Furthermore, irregular
patches ofBeggiatoa spp. developed on or in the immediate
vicinity of the carcasses in both experiments. Beggiatoa is
a sulﬁde oxidising bacteria that lives in the anoxic/oxic
interface and often forms dense mats covering organic or
sulﬁde-rich sediments (Brune et al., 2000).
Fish fall effect on meiofauna assemblages
First, the meiofauna community at the three sampling
sites, EPI (on the ﬁsh carcass), FISH-SED (sediment
below the ﬁsh carcass) and CON-SED (reference-site 5 m
away at the same depth), was tested for abundance
diﬀerences. RMA analysis revealed that the abundance
of the meiofauna community in general was not signiﬁ-
cantly diﬀerent among the three sampling sites (ANOVA
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repeated measurements analysis: df=2, F=0.88, p=
0.55), even though the overall abundance of the meiofauna
community on the ﬁsh carcass (EPI) increased to
2511 ind.10 cmx2 in the ﬁfth week of the experiment
compared to only 12 ind.10 cmx2 on the sediment under
the ﬁsh and 167 ind.10 cmx2 at the control site.
Looking at the meiofaunal community in more detail
revealed that up to 90% of the meiofauna organisms on
the ﬁsh carcasses [EPI] in experiment I were cyclopoide
copepods and nauplii larvae, whereas less than 1% (in
number) were nematodes (Fig. 4). In contrast, approxi-
mately 48% of the ﬁsh-associated meiofauna in experi-
ment II comprised cyclopoide, copepods and nauplii
larvae, whereas up to 33% nematodes and 12% ostracods
were found. The meiofaunal organisms at the control site
[CON-SED] also diﬀered, where nematodes dominated
the community (up to 61%), followed by copepods,
nauplii larvae (28 and 25%, respectively) and rotifers
(9%, Fig. 4).
Fish fall effect on macrofauna assemblages
When considering a p-value of 0.1 as signiﬁcant, RMA
analysis revealed a signiﬁcantly higher (ANOVA repeated
measurements analysis: df=2, F=12.32, p=0.07) total
abundance of macrofaunal organisms on the ﬁsh
carcass [EPI] compared to the sediment below the ﬁsh
[FISH-SED] and the control site [CON-SED]. A Pillais
Spur test on the interactions between macrofaunal abund-
ance and the time of the experiment revealed no signiﬁcant
interactions between time and sampling sites (Pillais Spur
test: df=6.2, F=0.35, p=0.86). This shows a general
higher abundance of macrofaunal abundance on the ﬁsh
carcasses compared to the sampling sites [FISH-SED] and
[CON-SED] independent of the time of the sampling.
In general, the lowest abundances of macrofaunal
organisms were always found in the sediment below the
ﬁsh carcasses (Fig. 3), even though these abundances were
not signiﬁcantly lower compared to the reference site
[CON-SED]. Examining the macrobenthos community at
the three sites in detail showed that the community at the
EPI site contained almost 100% chironomids (Fig. 5a) in
experiment I but only 40% chironomids in experiment II.
Then, molluscs (32%) and hydra (28%) contributed
in larger proportions to the scavenging macrofaunal
community.
Fish fall effect on bacteria occurrence
In a third step, the bacterial abundance among the
three sampling sites, EPI, FISH-SED and CON-SED, was
compared (Fig. 3). Bacterial abundance at the reference
site [CON-SED] was about the same as in the FISH-SED
samples and up to ﬁve times lower than in the EPI-
samples. Bacterial abundance on the ﬁsh carcasses [EPI]
was signiﬁcantly higher (ANOVA-repeated measurements
analysis: df=2, F=4.7, p=0.035) compared to the
sediment below the ﬁsh [FISH-SED] and the control
site [CON-SED], where this was more signiﬁcant than the
pattern found in macrofaunal abundances. As already
observed in the macrofaunal community, the time of the
experiment did not signiﬁcantly interact with the observed
diﬀerences in bacterial abundance on the ﬁsh carcasses
and the sediment samples (Pillais Spur test on the
interactions between bacterial abundance and time of the
experiment: df=20.4, F=1.44, p=0.26), which indicates
Fig. 2. Decomposition rate of perch carcasses in the littoral zone for experiment I (crosses) and II (circles). The dry-weights of the
carcasses after x days of exposure as a percent of the dry-weight of the ﬁsh calculated at day zero of the experiment (day of exposure)
are shown. For data interpolation, an exponential function was used.
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Fig. 3a–f. Distribution of bacteria (dashed line, crosses), meio- (ﬁlled circles) and macrofauna (open circles) over time (days) in
a) experiment I for EPI (on the ﬁsh carcasses), b) experiment I for FIS-SED (sediment below the ﬁsh carcasses), c) experiment I for
CON-SED (reference site 5 m away at the same depth), d) experiment II for EPI, e) experiment II for FIS-SED, and f) experiment II for
CON-SED. The water temperature is also shown in c) and f) (open squares).
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that the increased bacterial abundance on the ﬁsh
carcasses was an independent, general pattern.
Functional groups
Concerning the functional groups, the relative contri-
butions varied considerably over time. This was most pro-
minent in an almost inverse abundance of deposit feeders
versus suspension and raptorial feeders (Fig. 5). The
abundance of deposit feeders was in general high when
the total amount of benthic fauna was low. In contrast, the
suspension and raptorial feeders were the major groups
when the total amount of fauna was high (Fig. 5).
Discussion
Degradation of carcasses in aquatic systems
In the deep sea, it is well known that the degradation
and distribution of organic matter of food falls occurs very
Fig. 4a–c. Fauna distribution in experiment I and II for a) EPI (on the ﬁsh carcass), b) FIS-SED (sediment below the ﬁsh carcass) and
c) CON-SED (reference-site 5 m apart in the same depth). Only the most abundant species are given (copepoda, nauplii, nematoda,
rotifera, ostracoda and chironomids). Note the diﬀerent y-axis scales.
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quickly (>2500 g.dx1) by mobile scavengers, such as
crustaceans or ﬁsh (e.g. Isaacs and Schwartzlose, 1975;
Premke et al., 2006). Food falls in the deep sea act as
an important energy mediator from carcasses to other
organisms in all trophic levels. In contrast, in freshwater
environments, like in our experiments in Lake Constance,
no large motile scavenging organisms, such as ﬁsh
or crustaceans, were observed at the food fall by
Fig. 5a–c. Functional groups in experiment I and II for a) EPI (on the ﬁsh carcass), b) FIS-SED (sediment below the ﬁsh carcass), and
c) CON-SED (reference site 5 m away at the same depth). Functional groups included deposit feeder (oligochaeta, gastrotricha,
nematoda, ostracoda, chironomidae), suspension feeder (cladocera, rotifera, nauplii, bivalvia), raptorial feeder (hydra, cyclopoide
copepods) and grazer (gastropoda).
K. Premke et al.: Ann. Limnol. - Int. J. Lim. 46 (2010) 157–168164
the underwater observatory. This indicates that ﬁsh
carcasses exposed in the littoral zone of Lake Constance
are hardly subjected to a severe degradation by scavenging
macro-organisms. Similar observations were reported also
by recreational scuba divers from Lake Constance. Fish
carcasses exposed in the shallow water zone, e.g., after
ﬁsh kills of perch (Perca ﬂuviatilis L.) in spring shortly
after spawning, often are observed for several weeks
without any obvious sign of scavenging degradation
(pers. obs.). Previous experiments in the deeper parts of
Lake Constance also revealed a lack of macro-organism
scavengers in this system. In baited lander experiments
using an underwater camera, carrion remained untouched
by scavengers for several weeks and could be recovered
without any signs of macrofaunal degradation (Premke,
unpub. data).
Fish decomposition rate in Lake Constance
With an average k-value of x0.032 dayx1, our results
revealed a comparatively low decomposition rate com-
pared to other studies in streams and lakes (Minshall et al.,
1991; k=x0.033 dayx1; Parmenter and Lamarra, 1991;
k=x0.057 dayx1; Chaloner et al., 2002; Fenoglio et al.,
2005; k=x0.048 dayx1).
However, in comparison to other decomposition
experiments where no macroscale scavengers had access
to the carrion like that of Jannasch and Wirsen (1972),
decomposition rates were comparatively high, reaching
50% carrion decomposition after about 15–30 days and
100% decomposition after a maximum of 80 days.
Other studies, in contrast, suggest that decomposition
rates are mainly linked to abiotic parameters such as
temperature, pH and dissolved oxygen (Parmenter and
Lamarra, 1991), and Chidami and Amyot (2008) even
proposed that water temperature may be used to estimate
a ﬁsh’s carcass decomposition time because water tem-
perature plays a key role in the development and growth
of microbial and fungal communities (Stevenson and
Childers, 2004). In our experiments, temperature had no
signiﬁcant eﬀect on the total decomposition time.
These contrasting results of diﬀerent studies are very
interesting, and they may be explained by a hypothesis
formulated by Jannasch and Wirsen (1972). According to
this early study, the decomposition process of carcasses
in an aquatic ecosystem is strongly dependant on an
initialising decomposing process of the carcasses’ hulls by
larger scavengers. This process allows smaller macro- and
meiofauna and the microbial community to start the
disintegration of the tissue itself. Without this initial
disintegration of the ﬁsh hull, total decomposition may
occur much slower or not at all over even longer periods
(Jannasch and Wirsen, 1972). The fact that we did not
observe any macroscale scavengers in the vicinity of the
carrion in our experiments may thus explain the compara-
tively low decomposition rate; the carcass had to be
processed mainly by small scale scavengers and the
microbial community and, therefore, was slower than in
other experiments in which macroscale scavengers initi-
ated the decomposition process.
However, it still remains unclear why no crayﬁsh,
amphipods or other vertebrate or invertebrate scavengers
were involved in the decomposition process in our
experiments, even though these species, e.g., crayﬁsh, are
present in the lake (Hirsch et al., 2008). Our samples and
the photographic documentation showed that the ﬁsh in
the experiment were rapidly covered by Beggiatoa spp.
mats. This might have kept scavengers oﬀ of the carcasses.
Beggiatoa is known to produce chemicals that repel
scavengers (Kim et al., 2007). Also, Burkepile et al.
(2006) showed that microbe-laden carrion was four times
more likely to be uncolonised by megafaunal scavengers
than was fresh carrion. The bacteria on the carcasses
produce toxic chemicals that discourage scavengers. Thus,
bacteria compete with scavengers by rendering carcasses
chemically unattractive (Burkepile et al., 2006).
Bacteria as a main decomposer
In both experiments, the benthic communities of
the littoral were strongly inﬂuenced by the food supply
on the ﬁsh carcasses [EPI], which was clearly dominated
by bacteria. Hence, microbes are very important for
the actual decomposition of such food falls. They aﬀect
population-, community- and ecosystem-level processes as
decomposers (Moore et al., 2004). The epifaunal bacterial
community on the ﬁsh carcasses showed a lag phase of
several days. Previous studies also found that these
responses of benthic organisms to a food fall of a carcass
may be immediate (Graf, 1987; Goedkoop et al., 1997) or
display a lag phase from days to months (e.g., Tornblom
and Bostrom, 1995).
Bacterial and meiofauna numbers were varying more
between the diﬀerent sites and seasons. However, a
negative relationship between the bacterial numbers and
the meiofaunal abundance was observed, especially in the
sediment under the ﬁsh [FISH-SED] (t-test: n=35,
t=x2.02, p=0.051). Such a negative relationship has
been previously found in other studies, where the
meiofauna, especially deposit feeders, exerted a grazing
pressure on the microbial community, and this pressure
was important to the general (global) nutrient cycling (e.g.,
Montagna and Bauer, 1988; Arndt, 1993; Schmid-Araya
and Schmid, 2000). Although other studies argued the
opposite, Harriague et al. (2006) found that bacteria of the
littoral zone in the Mediterranean were not controlled my
metazoan predatory pressure.
The sediment beneath the ﬁsh [FISH-SED] can be
compared to CON-SED. Bacterial numbers were about
the same and meiofauna counts were even less below the
ﬁsh compared to the control site. This might be due to
potentially anoxic conditions (indicated by the observed
Beggiatoa colonisation of the ﬁsh), which some organisms
of the meiofauna are not able to cope with (Moodley et al.,
1997).
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Meio- and macrofauna development
during decomposition
At the reference site 5 m away from the food fall
[CON-SED], metazoan organisms were dominated by
nematodes, followed by copopoda and nauplii larvae
and rotifers (Fig. 4c). A similar pattern was also found
in the profundal of Lake Brunsee, where the benthic
community was dominated by nematodes followed by
rotifers (Bergtold and Traunspurger, 2004). Additionally,
other studies showed that soft bottoms are generally
dominated by nematodes (e.g., Holopainen and
Passivirta, 1977; Traunspurger, 2002; Wu et al., 2004),
whereas hard bottoms are generally dominated by har-
pacticoid copepods, isopods and amphipods, whereas
nematodes accounted for a minor fraction (Coull et al.,
1983, 1995; Danovaro, 1996; Danovaro and Fraschetti,
2002).
Compared to the metazoan distribution at CON-SED,
the EPI community showed a hard bottom type fauna; it
was dominated by copepods and nauplii larvae, whereas
nematodes accounted only for a minor fraction (Fig. 4a).
These results indicate that nematodes seem to be less
important within the scavenging community on ﬁsh
carcasses and do not directly contribute to the decomposi-
tion rate.
Micro- and macrofauna interactions
during decomposition
High bacterial numbers were found at the sampling site
directly on the ﬁsh [EPI]. However, after an initial rise at
the beginning of the experiment, bacteria were grazed
down and then started to gain in numbers again with the
decline in the meiofauna (90% calanoid copepods). Then,
the macrofaunal community again increased in numbers,
although they consisted almost entirely of chironomid
larvae in this phase (>100 ind.10 cmx2 at the end of the
experiment). The rapid decline of the meiofauna from days
35 to 43 might be due to the predation pressure from
chironomid larvae, a process also found in other studies
(Sephton, 1987; Goedkoop et al., 1998; Figs. 3a and 5a).
However, this decrease in meiofauna was only a tempo-
rary eﬀect, and the population size of bacteria and
meiofauna recovered after a few days (Fig. 3a).
Even though temperature had no overall signiﬁcant
eﬀect on the decomposition process, the results show that
temperature and, therefore, the timing of the food fall had
at least some impact on bacterial abundance (ANOVA
repeated measurements analysis: df=1, F=3.6,
p=0.084), although it was only signiﬁcant at the p=0.1
level.
The relation between meiofauna and macrofauna
seemed to be mainly driven by the food exploitations,
whereas predation seemed to be irrelevant. At all sites,
the macrofauna seemed to be of less importance than
bacteria and meiofauna, where it was constantly around
0–20 ind.cmx2.
The role of carcasses in the nutrient cycle
of Lake Constance
Many limnological studies and many data sets are
available for the oligotrophic Lake Constance. As in all
oligotrophic freshwater systems, the main limiting factor
in Lake Constance is phosphorus, with an average P-level
of <10 mg P.mx3. Therefore, we focused our study on the
nutrient phosphorus by considering ﬁsh carcasses of perch
as an important “biogenic” phosphorus source in the
littoral zone of the lake. This assumption seems to be valid
because perch in general form the highest ﬁsh biomasses in
the shallow areas of Lake Constance (Reyjol et al., 2005).
Because it is diﬃcult to estimate the proportion of
perch mortality that become food falls in Lake Constance
(Staub et al., 1998; m=0.72 (female), and 0.8 (male),
respectively), we cannot yet estimate ﬁsh carcass avail-
ability in terms of biomass.yrx1. Other studies revealed
that the regeneration and recycling of nutrients from ﬁsh
carcasses through decomposition are a signiﬁcant source
of P (Nakashima and Leggett, 1980; Nriagu, 1983;
Chidami and Amyot, 2008). However, the ﬂux of perch-
bound P will depend on whether the carcass is deposited in
the littoral versus the profundal zone. As mentioned
above, carcasses in the profundal zone degraded much
more slowly and remained untouched by scavengers for at
least three months longer than in the littoral zone (Premke,
unpub. data); thus, mineralised P will re-enter the food
chain later. In contrast, our experiments revealed that ﬁsh
carcasses in the littoral zone were degraded within 80 days,
mostly by microorganisms and vertebrates. Thus, carcass-
bound P was recycled much faster into the food chain.
Even though we were not able to estimate P-recycling
in our study on food fall for Lake Constance, our
experiments in combination with others suggest that food
falls are quite important, where such food falls may occur
immediately after spring spawning. This biomass may then
serve as an important resource for bacteria and meiofau-
nal organisms, as evidenced by the high abundances and
diversity of the benthic fauna and the high bacterial
activities on food falls in this littoral ecosystem. For
freshwater ecosystems, ‘rapid’ decomposition without
large scavengers suggests that ﬁsh carcasses play a key
role in nutrient dynamics within this ecosystem.
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